SUMMARY The control of unimanual and bimanual aiming movements by Parkinson's disease and control subjects was examined. Despite greater bimanual movement initiation asynchrony and overall bradykinesia, the Parkinson's disease subjects were affected by the experimental manipulations in the same way as controls. Symmetrical and, more especially, asymmetrical bimanual movements required more preparation time and were executed more slowly by both groups than were unimanual movements. Both groups also showed temporal linkage of movements to targets of different extents-movements which have different movement times when performed unimanually, as well as of the faster and slower limbs. A majority in both groups over-compensated for asynchrony in bimanual movement initiation by modulation of movement times, but there was no group difference in this tendency. The results are discussed in terms of underlying motor control processes and with regard to previous evidence for impaired control of simultaneous movements in Parkinson's disease.
A notable characteristic of normal movement is the ability to execute two actions at the same time. If individuals with a given movement disorder retain the ability to perform certain movements individually, but experience difficulty in doing so simultaneously, it suggests that there is a high level deficit in the integration of two or more motor programmes. Clinically, just such a movement deficit has been described in relation to Parkinson's disease, and several studies have also documented this impairment,' 9 17 20 21 although the results of Perrett6 are not clear-cut.
Of these, the study by Benecke et all is the only one to have used rapid, discrete movements, thereby circumventing problems of differential attention demands and of fatigue from repetitive movements, both of which complicate the interpretation of earlier studies. These workers required Parkinson's disease and control subjects to make rapid elbow flexion 224 One class of movements in which there is evidence for a common programming element is bimanual aiming movements to different targets, performed together. In normals, the duration of single movements to targets has long been known to schedule. Since testing took a total of about 4 hours spread over 2 days, the data represent all stages of the subjects' medication cycles.
Apparatus
The experimental task was to make lateral arm movements away from the midline under unimanual and bimanual conditions. The apparatus used for these movements comprised two yellow "home" keys (from which all movements started) and four red target keys. These were arranged in the frontal plane and were mounted on ball-bushings set into a horizontal panel so that they could only move vertically. A "snapaction" momentary contact microswitch was mounted beneath each ball-bushing shaft on the underside of the panel. This arrangement ensured that the microswitch would be closed even if the very edge of the target key were struck. The home keys were located either side of the subject's midline, with the short and long target keys centred on points 10-5 and 21-0cm lateral to the home keys. The diameter of the home keys was 15 cm, while the short and long keys were 5 0 and 7 0 cm in diameter, respectively. These relatively large targets were chosen to ensure that excessive accuracy requirements did not prevent the Parkinson's disease subjects from performing the task without visual guidance. The short and long keys had indices of difficulty (IDs) of 2 07 and 2 58, respectively.7 Six light-emitting diodes (LEDs) were mounted on a vertical surface at eye level in front of the subject. They corresponded in colour and layout to the home and target keys, and were used to signal to the subject which movement or pair of movements to make and when to make it. The LED array spanned 8 were given as to the simultaneity of movement initiation or termination, beyond the restriction that one hand could not complete its movement before the other began. Thus the temporal organisation of these movement pairs was spontaneous, not imposed by instructions. During the testing sequence outlined below, subjects were permitted to take rest breaks of a few minutes at approximately 20 minute intervals.
Design
Reaction time (RT) and movement time (MT) for each hand were the dependent measures. The former was defined as the interval between the response signal onset and initiation of movement as defined by the release of the home key microswitch. Movement time began with movement initiation and ended with the arrival of the finger at the target key, as indicated by switch closure. Testing was split over two sessions on separate days. On the first day subjects began by practising each of the four possible unimanual movements (left long, left short, right long, right short) and each of the bimanual movement combinations (left long and right long, left long and right short, left short and right short, left short and right long) eight times each with full vision.
The purpose of these 64 practice trials was to acquaint the subjects with the required movements and to allow them to learn the target locations before introducing the stimulus sequence, which was then explained to them. From this point on, all movements were made with the subjects wearing a visor which occluded the lower part of the visual field so that the target keys and hands could not be seen. Subjects could tilt the head downward to locate the home keys between trials and to see the extent of any error after missing a target. Four additional blocks of practice trials were then undertaken: two unimanual and two bimanual. Each consisted of 34 trials with the four possible combinations each appearing eight times in a random sequence. Two of these were catch trials in which no response signal followed the illumination of the warning LEDs. These served to discourage subjects from anticipating the response signal.
From the final practice blocks of unimanual and bimanual movements, average RTs and MTs were obtained. An upper limit was set at twice the mean RT or MT for each subject from these blocks. A trial was classified as a "slow response" error if either the RT or MT exceeded these criterion times. If a subject initiated a movement before the response signal or with a RT of less than 120 ms, the trial was designated an anticipation error. Striking the wrong target was classified as an incorrect response, and a trial was designated as a "both hand moved" error in unimanual trials if the contralateral hand also left the home key. Trials on which errors were 226 made were reinserted at a random point in the same block, for a total of 32 correct trials.
Eight blocks of 32 unimanual movement trials and eight blocks of 32 bimanual movement trials then followed in an alternating pattern. These were split between the first and second days of testing. The second day began with practice blocks of 10 unimanual and 10 bimanual movements which were not analysed.
RT and MT data were first averaged for each subject and for each condition and arm, and were then used in a splitplot analysis of variance. The RT and MT analyses were performed on log-transformed data because of unequal variances, but all the effects reported below (both significant and non-significant at the 0 05 level) were also found with the corresponding analyses of untransformed data. Effects involving long and short movements (Extent) are mentioned only in the context of the three levels of the factor which we call Movement Type: unimanual, symmetrical bimanual and asymmetrical bimanual movements.
Results
The results are presented in four parts. We first consider the overall reaction time and movement time data for the three movement tasks. Next we present data on the extent to which the two limbs appeared to be controlled as a single unit. Finally we consider trial-by-trial asynchrony in movement initiation and termination, and group error patterns.
Reaction and movement times
The control and Parkinson's disease subjects took longer to initiate movements in the symmetrical bimanual task than in the corresponding unimanual movements, each group showing an average decrement of 37 ms. Similarly, both groups initiated asymmetrical bimanual movements later than symmetrical bimanual pairs, by 38 ms for the controls and by 51 ms for the Parkinson's disease group (the absolute group RTs averaged across arm and extent are shown in table 2). This effect of Movement Type on RT was statistically significant (p < 0-0001), but there was no interaction between Movement Type and Group (p > 0 5), showing that in the planning of bimanual movements, Parkinson's disease subjects and controls were slowed similarly when compared to unimanual performance.
Movement times, which are also shown in table 2, were longer for both groups for symmetrical bimanual than for unimanual movements by an average of 47 ms for controls and 94 ms for Parkinson's disease subjects, and longer again for asymmetrical movements than for their symmetrical counterparts by 47 A parallel assessment of temporal linkage was also made by contrasting the MTs of the slower and faster hands for movements of the same extent. If, for example, a given subject's unimanual MT for the left hand is on average 30 ms less than that for the right hand, but the difference is only 15 ms when the movements are made together, this would provide evidence for temporal linkage in symmetrical, as well as asymmetrical bimanual movements. To test this possibility, unimanual and bimanual symmetrical MTs were compared using Group, Movement Type (symmetrical or unimanual) and Arm (fast or slow) as factors in an analysis of variance. The group MTs for this comparison are shown in fig 2b. These mean differences declined for both groups: from 26 to 18 ms in the controls, and from 40 to 26 ms in the Parkinson's disease group: a 31% and 35% drop, respectively. This reduction was statistically significant, as shown by the interaction of Movement Type and Arm (p < 0-01). As was the case for the previous comparison involving asymmetrical movements, there was no interaction between Group, Movement Type and Arm (p > 0-5), confirming that the groups did not differ in the extent of the reduction in MT differences between the faster and slower arms for symmetrical bimanual movements. Together, these results indicate that simultaneous bimanual movements to targets tend to be organised as a single unit, just as in normals.
Movement initiation and termination asynchrony
In order to determine how the two groups compared with respect to the asynchrony of movement initiation in the bimanual movement pairs, the absolute difference between left and right arm RTs To determine whether such a compensation occurred, the correlations described above were determined for all subject and bimanual conditions, with error trials excluded. After averaging (using Fischer's r to z transformation), the mean values were found to be -0-295 (controls), and -0-353 (Parkinson's disease group). Only one of the 20 subjects, a control, failed to have a negative correlation significant at the 0-01 level or better. While these correlations appear to provide evidence for a compensation mechanism for RT differences (which is not impaired in Parkinson's disease) the movement termination asynchrony data argue against this. If compensation were occurring, termination should be less asynchronous than initiation, and not the reverse. To probe this question further, the correlations were recomputed with the restriction that trials in which the total times for each hand differed by more than 200 ms would be excluded, so that infrequent but atypically large MT differences would not distort the data. The proportions of trials remaining in the analysis with this restriction were 89-1 % (Parkinson's disease group) and 96-2% (controls). This had the effect of nearly doubling the correlations, to average values of -0-578 (controls) and -0-649 (Parkinson's disease group), which did not differ significantly from one another as assessed by analysis of variance (p > 0-1).
The slope of the regression lines, however, was on average less than 0 5 (0-45 for the Parkinson's disease group, 0-36 for controls, also not significantly different (p > 0-1)). This means that although the hand which moved first had a longer movement time, for most subjects there was over-compensation, with gains of more than 2 (for example, a 50 ms RT advantage for the left hand being matched by a > 100 ms MT advantage for the right). It also explains why termination asynchrony was greater than initiation asynchrony. Thus the consistently high correlations show a systematic effect for the hand which started second to catch up and "overtake" the other hand. There was great individual variation in this tendency, since in the control and Parkinson's disease groups, respectively, slopes ranged from 0-06 to 0-77, and from 0 21 to 0-85, representing extreme overcompensation to nearly perfect compensation. The number of Parkinson's disease and control subjects with gains greater than 2 were, respectively seven and eight (out of 10) (symmetrical, long movements), six and eight (left long, right short), seven and seven (left short, right long), and six and six (symmetrical, short movements). What this analysis revealed was the imperfect and highly idiosyncratic nature of the gain o- Table 3 The patterns of errors made by each group are shown in table 3. Parkinson's disease subjects made a slightly higher proportion of errors overall, but these were not distributed very differently from controls. It is notable that both groups made more errors on asymmetrical trials, most commonly trying to make an inappropriate symmetrical movement.
Discussion
Given the previous reports of impaired simultaneous 1 9 17 20 21 movements in Parkinson's disease the overall similarity of performance between the Parkinson's disease subjects and controls is striking. In general, the requirement to perform a pair of movements did not differentially affect the Parkinson's disease subjects. Both groups took longer to prepare movements when a second symmetrical movement was introduced, with a greater increase if the movement pair was asymmetrical. Similarly, both groups executed the movements more slowly under these conditions. The planning and execution of bimanual movements of this type was therefore more demanding for both controls and Parkinson's disease subjects than were unimanual movements, but with no clear differential slowing for Parkinson's disease subjects. The time course of unimanual movements was modified by both Parkinson's disease and control subjects when it was combined with a movement of the other limb, in the same way as had previously been described for young adults,'0-12 so that the strong association between MT and target size and distance no longer applied in the bimanual situation, that is, both groups appeared to control the bimanual movements as a single unit. These results are also in agreement with those of Marteniuk et al, 5 in that asynchronies still persist despite the tendency towards synchronisation of bimanual movements.
Another mechanism which was unaffected by Parkinson's disease was the consistent "catch-up" of the hand which started second. Despite the variety of gains shown by individuals, with a majority in each group "over-compensating", this tendency was unchanged in the Parkinson's disease group. That such a subtle effect was equally present in both groups argues strongly against any general deficit of bimanual simultaneous movements in Parkinson's disease, although, as we shall argue below, certain types of simultaneous tasks may be far more susceptible to disruption than that used here.
Only in movement initiation asynchrony were the Parkinson's disease subjects impaired to a degree which achieved statistical significance. Even here the impairment was not large: in the order of an additional 25 ms difference between the hands. This effect may not necessarily reflect any impairment in the central planning of the movement: for example, the presence of tremor could alter the timing of switch openings as each hand left the home key if it were out of phase in the two limbs or if it were present in only one.
There have recently been several reports of functions which (contrary to earlier views) are relatively intact in Parkinson's disease. It Discrete movements of the limbs do not present the same difficulties, so it is still necessary to reconcile our findings with those of Benecke et al' who also used rapid and discrete movements and report significant deficits in their Parkinson's disease subjects. The apparent disparity is much reduced when our data is compared with their bimanual simultaneous tasks. Although still present, the reported deficit was far smaller when -different limbs were used for simultaneous movements. We suggest that simultaneous bimanual aiming movements are particularly amenable to common temporal regulation: the two limbs are constrained to act as a single unit, as suggested by Kelso .' " This common regulation may take the form of the two limbs being governed by a single motor programme, or by distinct motor programmes twhk;aTe readity inIegrated. Since h -term "motor programme" is given differing interpretations, however, the distinction between these alternatives may be largely a semantic issue. Nevertheless, following the J.logic of Benecke et al,' there would be no impairment if one programme does not have to be superimposed on another. In this instance, however, there is some evidence that the movements were not simply directed by a motor programme and executed in an open-loop fashion. Despite the fact that most subjects overcompensated for initiation asynchrony, the consistent "catch-up" of the limb which moved second suggests that some form of closed-loop control may have been in effect during e*ecution, delaying the first hand to move and/or speeding up the second. It seems improbable that such effects could be fully programmed before movement initiation.
Data from other studies also tend.to support the idea that. the potential for common temporal regulation-may be a factor in determining whether individuals with Parkinson's disease find simultaneous movements problematic. Perret'6 observed that both controls -and PNrkinson's disease subjects performed
